The existence of certain structures designated as agglutinogens on the red cell envelope has been inferred from the reactions, hemolysis and agglutination, which occur on contact with specific antisera. These structures, whose chemical nature is incompletely understood, are antigenic, that is, they have the capacity to stimulate the formation of immune antibodies, and the reacting substances or antibodies in the antisera are variously designated as agglutinins or hemolysins. It is now known that red cells are characterized by multiple rather than by single agglutinogens, at least one of which is species specific in that all members of a species appear to share it. Other agglutinogens are type specific and are encountered only in a certain percentage of the individuals of a species. It is with these type specific agglutinogens, the blood group antigens, that we are primarily concerned here.
known chemical structure, he conducted investigations on artificial antigens prepared from simple substances of known chemical structure. By diazotizing simple chemicals to egg albumin he prepared complex antigens which he utilized for the production of immune sera. These antisera in turn were tested in vitro against the diazotized compound, this time conjugated with horse serum globulin in order to be sure that the reactions obtained were directed against the substance he was studying rather than the protein part of the artificial antigen. In this way he was able to show that a single compound can elicit a multiplicity of antibodies. For example, when immune sera were prepared for meta-aminobenzene sulfonic acid, cross reactions were obtained with para-aminobenzene sulfonic acid with ortho-aminobenzene sulfonic acid (15) . When the sera were tested with antigens made of compounds whose molecular structure was the same as that of the original antigen except that the acid group was substituted for by an homologous group (AsO3H2 or COOH for the SO3H group, as in aminobenzene arsenic acid and in aminobenzoic acid), cross reactions were obtained when the homologous radical was in the meta position but not when it was in the para or ortho position. By adsorption experiments it was possible to show that the immune sera contained more than one antibody.
In other experiments it was possible to correlate immunological behavior with stereo configuration, and this in turn could be correlated with crystal characteristics (la, 21). For example, the halogens and the CH3 group are mutually replaceable in compounds capable of mixed crystal formation, and the two compounds benzene )and thiophene 7 can also form mixed crystals. Substances which form mixed crystals will, as a rule, give cross reactions in serological tests, and Landsteiner and van der Scheer (14) indeed demonstrated an immunological relationship among benzene, thiophene, and furane. These and many similar experiments show that a single antigen can elicit the production of multiple antibodies, and, on the other hand, a single antibody can cross react with several antigens of related structure. Thus, the idea of a one-to-one correspondence between antigen and antibody is an idealized concept, which is experimentally refuted even by the simplest of antigen-antibody reactions.
Serological Factors
From the preceding discussion, it is evident that serological reactions give little insight into the chemical or physical structure of an antigen. A single antigen molecule can react with several antibodies of different specificities, and the unknown attributes of the antigen molecule which determine these serological reactions may be termed "serological factors" of the antigen. Since even a single simple antigen may have many such "serological factors", antigens behave in general as if they have mosaic structures. This statement can be readily shown to apply also to antigens whose structure is completely unknown, notably the blood group antigens.
Even less is known regarding the structure of antibodies which accounts for their specific serologic behavior. Antibodies in general are modified serum globulins, but the exact nature of the modification is not known since normal serum globulins and immune serum globulins cannot be distinguished chemically and behave identically when used as antigens. According to one view (1, 29a) antibodies are formed by a steric modification of the surface of the globulin molecule to conform with the surface of the antigen, so that the polar groups on the antibody correspond with the oppositely charged polar groups on the antigen. According to Campbell (5) of the terms blood factors and agglutinogens. The agglutinogen is a definite hereditable substance on the surface of the red blood cell, while the blood factors are only some of the attributes of the agglutinogens that may be demonstrated with appropriate antisera.
In the case of the A-B-0 groups, it has been necessary to postulate a series of at least four allelic genes corresponding to the four major agglutinogens (2, 34) . The convention among American geneticists is to designate allelic genes at the same locus by the same letter with qualifying superscripts. For example, it has been suggested by Strandskov (33) that the blood group genes be called IA1, IA 2, IB, and I0, respectively, the letter I being derived from the word "isoagglutinogen". However, in the older literature, the symbols Al, A2, B, and 0 have been used for the genes, with italics to distinguish the genes from the agglutinogens. Most workers prefer these simpler designations even though they do not conform with genetic convention. Actually, when testing the blood of an individual, one is determining the combined effects of a pair of genes (cf. table 2) , so that the actions of the individual genes can be deduced only by comparing the reactions of bloods from individuals whose genotypes are known from family studies.
To determine whether two different blood factors are parts of the same agglutinogen or belong to different agglutinogens, family studies must be done. With the blood group AB the factors A and B segregate, only one or the other being tranitted to each child so that these obviously belong to separate agglutinogens. On the other hand, the partial antigens A, Al, FA, etc. of ag- Mosaic Structure of the Agglutinogens M and N In the case of the M-N types, the original studies (13) appear to indicate a simple structure of the agglutinogens and a simple heredity by a corresponding pair of allelic genes M and N, or as Strandskov has suggested LM and LN. Thus, there are three genotypes corresponding to the three phenotypes. However, when the agglutinogens M and N in primates were studied by Wiener (42) , it was soon found that antisera which gave parallel reactions in tests against human bloods behaved differently against bloods of monkeys and apes, even though their titers were similar in tests on human bloods. It was found that some anti-M sera agglutinated blood from apes as well as many species of monkeys, while other anti-M sera agglutinated ape blood but not monkey blood. Still others agglutinated human blood of types M and MN, but not blood from apes or monkeys. By comparing the reactions of a number of anti-M sera when tested against blood from lower primates, as many as five different anti-M agglutinins were demonstrated (16) . The corresponding blood factors were all present in the agglutinogen M of human blood, which therefore had the mosaic structure MiMiiMiiiMivMv.... Similarly, at least two components of agglutinogen N were shown to exist in human blood, so that this agglutinogen has the structure NiNii.... In heredity studies it was found that the blood factors MM iM1iii-MivMv.... do not segregate; the blood of individuals of types M and MN contains all of the M components; and, similarly, blood of types N and MN contains all the components of agglutinogen N.
A further complication arose when Walsh and Montgomery (38) discovered a hitherto undescribed agglutinin that gave reactions which did not correspond with any known A-B-O, Rh-Hr, M-N, or P antibody. Sanger and Race (28) observed, however, that the agglutinin, described as anti-S by them, gave a different percentage of positive reactions depending upon the M-N types of the bloods tested. While the frequency of positive reactions was 73.4 per cent among type M individuals, 54.1 per cent positive reactions were obtained in type MN, and only 32.3 per cent in type N. Thus, the blood factor S was evidently related to the agglutinogens M and N. In family studies (28) it was found that the blood factor S was inherited as a simple Mendelian dominant and appeared to be linked to the genes M and N. For example, if an individual had inherited the blood factors M and S from the father and N and s from the mother, all children to whom that individual transmitted the blood factor M acquired the factor S at the same time, while those who inherited the blood factor N did not. Sanger and Race considered that the M-N-S types were inherited by pairs of tightly linked gene couplets, and though they also mentioned the possibility of multiple alleles, did not favor the latter alternative. (19) of the discovery of anti-s, specific for the contrasting blood group factor s, in support of their interpretation.
If the so-called S-s genes were linked to the gene pair M-N, one would expect crossing over to occur between them. However, no instance of crossing over has been encountered in family studies to date. Moreover, as a result of crossing over, the frequency of blood factor S at equilibrium would become the same in all three M-N types, so that the very phenomenon which led to the uncovering of the relationship between S and the M-N agglutinogens refutes the linkage-crossover concept. The alternative and more reasonable explanation is that A. B. WIENER AND I. B. WEXLER [VOL. 16 blood factors S-s and M-N are partial antigens within the same agglutinogen molecule and that the resulting agglutinogens are inherited not by linked gene pairs, but by a corresponding series of four allelic genes. In an unpublished paper, Wiener (53) has pointed out how a simple nomenclature incorporating these concepts could be devised, and this is summarized in table 3 .
In view of the novelty of the M-N-S types a complete table showing all nine possible phenotypes and the ten corresponding genotypes may be of interest. This is presented in table 4 which at the same time compares the longhand and shorthand methods of designation. The Rh-Hr types constitute the most complex system of human blood factors in man found to date. This complexity has been a source of considerable confusion, though the principles are not different from the A-B-O and M-N-S systems. The chief difference is in the number of blood factors and corresponding antisera involved, as many as six antisera of different specificity being available for the Rh-Hr tests. The blood factors can be classified into two major subdivisions known as the Rh and Hr factors, respectively (49 Rh factor by Landsteiner and Wiener, blood of rhesus monkeys injected into rabbits and guinea pigs evoked the production of an antibody that gave positive reactions with rhesus blood and with human Rh-positive blood (17, 18) . On the other hand, anti-Rh sera of human origin gave negative reactions when tested against rhesus blood. Similarly, in tests done on chimpanzees all were found to be Rh negative with anti-Rh sera of human origin, but were positive when tested with certain anti-hr' sera of human origin (56) . The subtlety of the variations involved could hardly be ascribed to a multiplicity of agglutinogens, and is best considered as variations in the complex structure of a single agglutinogen molecule (46) . See fig. 2 . As Fisk and Foord (8a) have shown, the absorbed animal anti-rhesus sera strongly agglutinate Rh-negative as well as Rh-positive blood of newborn infants and fetuses, but react with only Rh-positive blood of older children and adults. This observation is most readily explained in line with the concepts presented in this review, and might be conceived of as an example of biochemical ontogeny recapitulating biochemical phylogeny. by bringing about some minor modification in the molecule of a certain substrate which all human beings share in common, namely, the mucopolysaccharides just mentioned. The part of the molecule responsible for the blood group specificity must be relatively minute, just as the modification of the serum gamma globulin responsible for the specificity of an antibody involves only a small portion of the surface of the coiled up antibody moleculc Similarly, the M-N-S and Rh-Hr substances apparently represent minor modifications of substrates common to all human beings, caused by the respective M-N and Rh-Hr genes. The exact function of the A-B-O, M-N, and Rh-Hr substances, if indeed they each have a specific function, is unknown, and, of course, the serological reactions give no indication what they may be. Presumably, they are integral parts of the red cell envelope.
Variants of the Blood Group Factors As has already been mentioned, in the earlier work on the blood groups it was necessary to postulate the existence of two blood factors, A and B, which could be sharply differentiated irom one another. It was later recognized that the blood group factor A was not identical in all individuals and two major variations of this agglutinogen, designated as Al and A2, were identified. Still later, rarer variants of the blood factor A designated as As, A4, and A5 were found to exist. This general pattern has been duplicated for every blood group system that has been intensively studied, namely, first a number of sharply differ-entiated blood factors were found, and later it was seen that each blood factor in turn exhibited minor variations.$ Whereas the major blood factors of a system all have their corresponding specific antiserums, this is not true of the variants of a blood factor. For example, so-called agglutinogen N2 is recognized (6, 10) by the fact that while like typical N agglutinogen it reacts with anti-N serum but not with anti-M, not every anti-N serum is capable of reacting with the N2 agglutinogen, and when an anti-N serum clumps cells containing N2 the reactions are generally weaker than those of typical N blood. On the other hand, it has not been possible to prepare a special antiserum which will react with N2 cells and not with typical N blood.
Similarly, in the case of the variants of the agglutinogen A, the agglutinogens A2, A3, A4, etc. are identified not with the aid of special corresponding antisera, but by the progressively weaker degree of clumping observed in tests with a single variety of antiserum, namely, ordinary anti-A (9, 54). While some workers attribute the weaker reactions to the presence in the blood of smaller amounts of the same factor, A or N as the case may be, comparative titrations with a variety of antisera of the same specificity showed that this was not so. For example, if A2 blood differed from Al blood merely in the quantity of agglutinogen A it contained, then the relative titers given by Al and A2 bloods should be the same with all anti-A sera. Actually, some anti-A sera act on A1 blood and hardly at all on A2 blood, while others of about the same titer react almost as strongly on A2 blood as on Al. Thus, the difference in behavior of the variants of agglutinogen A (or N) is not due to a difference in the quantity of the blood factor they contain, but to some qualitative difference in the structure of the agglutinogen molecule. Significantly, the variants are inherited as such by corresponding allelic genes.
Variants have also been encountered in the Rh-Hr system of blood factors, where certain bloods give intermediate reactions with anti-Rh or anti-Hr sera (45) . These variants, the most important of which are the variants of Rho, are hereditable (51) . When it was observed that some anti-Rh sera clumped ordinary Rh-positive blood, but not blood with an Rho variant, while other Rho antisera clumped both, some workers explained this by postulating that the latter sera contained two distinct antibodies, one for typical Rho blood and the other for the Rho variants (25) . This interpretation was a necessary deduction from their concept of one-to-one correspondence between blood factor and antibody. Actually, their own absorption experiments showed that only a single antibody was present in these sera which could be completely absorbed with blood containi g either typical Rho or only the Rho variant. Similarly, the idea that the cross reaction of anti-rh' serum with Rhjw blood and typical Rh1 blood is due to the presence of two antibodies, anti-rh' and anti-rhw, could not be substantiated (24) . Again absorption experiments show the presence of only a single antibody absorbable by both Rh1 and Rh1w blood.
Of interest is the so-called gene dose effect. Blood that is homozygous for a given blood factor generally reacts more intensely with the corresponding antiserum than does heterozygous blood. This is generally interpreted as due to the presence of larger quantities of the blood factor in the homozygous blood. If this were the only reason, however, then all specific antisera should give this effect, but as Malone et al. (20) In heredity studies it was found that each of the blood factors behaves as if it were inherited as a simple Mendelian dominant (7, 8) . When members of a family were tested for all known blood factors at the same time, however, it was found that these factors are not all inherited independently of one another but tended to go together in blocks of different sizes (30, 32) . For example, as shown in table 8 a sire possessing the blood factors B, C1, G, I, J, 01, T2, P2, and A' gave to one half of his offspring the complex BGIO1T2A' and to the other half the complex 01Y2A' while the blood factors C1 and J each segregated inde- .A255 (31) for the agglutinogens of the B system, and 22 had to be postulated for the genes of the C system, so that the situation is quite comparable to, although [VOL. 16 far more complicated than that of the Rh-Hr system in man. It can readily be appreciated that the theory of tightly linked genes as well as the idea of oneto-one correspondence between gene and blood factor and antibody cannot be applied to the blood factors in cattle.
The remarks previously made about nomenclature of blood group genes and agglutinogens are especially pertinent in connection with the work on blood groups in cattle. At first, Stormont tried to include all the blood factors present in an agglutinogen in its symbol, as follows: BBO1, BBOKO2Y1EK1, BOSDIE , BB1Y'1, etc. He soon found that such symbols were too cumbersome to work with, so that shorthand symbols were coined by him for the B and C systems of blood groups in cattle as follows: B, B1, B2, B3,... B89; and c, C1, C2, C3,... C23, and the reactions of each of these agglutinogens were tabulated and filed with the Pure Breed Dairy Cattle Association. This change was fortunate because more recent studies have disclosed the existence of additional blood factors, so that, for example, the B28 agglutinogen, which reacts with antibodies for factors B, G, K, 02, 0, Y1, Y2, A', E's, and K', has been found to possess also factors NFs (NF = new factor), NF4, NF6, and NFs. Had the original cumbersome terminology been retained, it would have become necessary to modify the terminology and make it increasingly complex each time a new blood factor was found.
When discussing the blood group substances in cattle, the term "agglutinogen" may seem inappropriate since hemolysis and not agglutination occurs in the in vitro tests. This objection can be avoided by adopting the term "hemogen," first suggested by Greval (11a) as an abbreviation of "hemagglutinogen" to describe the group substances both in animals and man.
Similar observations were made by Briles et al. (3) in chickens, but here the number of blood factors identified was smaller and the agglutinogen mosaics were correspondingly less complex. As had previously been shown by Wiener (41) from an analysis of the data of Todd (35) , the agglutinogens in chickens, as in man and cattle, are inherited by multiple allelic genes.
In summary, it may be stated that the data reviewed appear to be best interpreted as indicating that the blood group agglutinogens both in animals and man are integral parts of the red cell envelope having a complex mosaic structure, the units of which are the various blood factors. The agglutinogens fall naturally into systems, and the genetic mechanism which governs the inheritance of the agglutinogens of each system is one of multiple allelic genes. That the nature of the blood group reactions had been clearly explained by Landsteiner, long before the evidence presented here became available, is another indication of his genius which made him the father of the fields of blood grouping and immunochemistry.
Addendum: While this review was in press, an important paper by B. E. Dodd, "Linked anti-A and anti-B antibodies from group 0 sera" appeared (Brit. J. Exp. Path., 33; 1-18, Feb. 1952). The observations of this worker clearly demonstrate the presence in most group 0 sera of anti-C agglutinins reacting with a corresponding blood factor C in cells of groups A, B, and AB. However, Dodd is apparently unaware of the distinction between blood factors and agglutinogens and adopts instead the old erroneous view of a one-to-one correspondence between agglutinogens and antibodies. Thus, she rejects the more reasonable interpretation, and proposes in place of it a far more involved hypothesis entailing antibody molecules containing both anti-A and anti-B combining groups, the details of which can be found in the original article.
Also, while this review was in press a statement appeared in the Journal of the American Medical As8ociation (pp. 211 and 212, May 10, 1952) which summarizes the present status of the Rh-Hr nomenclature question. Interested readers are referred to this comprehensive analysis, which supersedes the one published five years previously in Science by the Advisory Board to the National Institute of Health.
